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ABSTRACT
I will report on the recent LHCb results on the evidence for the decay
X(3872)→ ψ(2S)γ, and on the improved measurement of the mass and width of
the Z(4430)−, the determination of its quantum numbers and the observation of
its resonant character.
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1 Introduction
In the na¨ıve quark model, only two types of quark combinations are required to account for the existing
hadrons: qq combinations form mesons, while baryons are made up of three quarks. However, the last few
years have seen the discovery of a large number of states, generically denoted as X,Y and Z, that do not
fit the conventional picture, including many unexpected neutral and several charged ones. The existence of
e.g . tetraquarks (qqqq), hadronic molecules, and other bound states involving gluons (gg and qqg) has been
invoked to explain some of these exotic states, but a compelling unified description has not yet emerged.
The LHCb experiment has already collected an impressive catalogue of results on new and excited heavy
flavour states in its first two years of operation, as well as first time observations of many new decay modes.
With its large statistics, efficient trigger, excellent momentum resolution and particle identification, it is an
ideal laboratory to perform hadron spectroscopy studies with high precision.
2 X(3872)
The X(3872), discovered by Belle in 2003 [1] as an unexpected structure in the J/ψpi+pi− invariant mass while
studying B+ → K+pi+pi−J/ψ decays, was the first charmonium-like state found not to fit a conventional
quarkonium description. The X(3872) is a particularly intriguing state because on the one hand the fact
that it decays into J/ψpi+pi− leads to a natural interpretation as a charmonium excitation; on the other
hand the closeness of its mass to the D∗0D0 threshold (' 3872 MeV) and its prominent decays to D∗0D0 [2]
suggest that it may be an example of a hadron molecule with an extremely small binding energy (measured
to be 0.09 ± 0.28 MeV in Ref. [3]). Moreover, the decay modes X(3872) → J/ψρ and X(3872) → J/ψω
were observed to have comparable branching fractions, revealing a severe violation of isospin symmetry.
This observation is compatible with a molecular interpretation of the X(3872) because the D∗0D0 state is a
superposition of isospin 0 and 1, while the D∗+D− threshold is about 8 MeV higher.
After measuring the X(3872) mass and production cross-section in pp collisions at
√
s = 7 TeV [4], LHCb
has more recently performed a full five-dimensional angular analysis of the J/ψpi+pi− decays of the X(3872),
produced in B+ → X(3872)K+ [5]. In this analysis the quantum numbers of the X(3872) are determined to
be JPC = 1++, while the only alternative assignment allowed by previous measurements JPC = 2−+ [6] is
ruled out with a significance of more than eight standard deviations. The 1++ quantum numbers are those
of the conventional charmonium state χc1(2P ), which is however disfavoured by the value of the X(3872)
mass, leaving open the possibility of more unconventional interpretations.
To study this further, LHCb has recently measured [7] the ratio of branching fractions
Rψγ =
B(X(3872)→ ψ(2S)γ)
B(X(3872)→ J/ψγ) , (1)
as a constraint on the charmonium content of the X(3872). The branching fraction B(X(3872)→ ψ(2S)γ)
is in fact expected to be very small for a pure molecule (O(10−3)) [8–10], but it could be enhanced for an
admixture of a D∗0D0 molecule and charmonium. The BaBar collaboration has measured a relative large
branching fraction for the X(3872) into ψ(2S)γ, with Rψγ = 3.4 ± 1.4 [11], a result generally inconsistent
with a pure molecular interpretation; in contrast, no significant signal was found by Belle [12].
In LHCb a search for the X(3872) into ψ(2S)γ is performed by using B± → X(3872)K± decays and
reconstructing the ψ(2S) meson in the µ+µ− channel. The analysis is based on a data sample of pp collisions
corresponding to an integrated luminosity of 1 fb−1 at
√
s = 7 TeV and 2 fb−1 at
√
s = 8 TeV, i .e., the
full LHCb Run 1 data sample. Figure 1 shows the invariant mass distribution of the B± → X(3872)K±
candidates for the J/ψ (top left) and ψ(2S) (top right) channels, while the bottom-left and bottom-right plots
display the J/ψγ and ψ(2S)γ invariant mass distributions, respectively. The observed signal in the ψ(2S)
channel is 36.4 ± 9.0 events; the significance for such a signal is determined to be 4.4 standard deviations
by simulating a large number of background-only experiments. From the measured yields, the ratio of
branching fractions is computed to be Rψγ = 2.46± 0.64± 0.29, where the first uncertainty is statistical and
the second is systematic. This result, which improves with respect to previous measurements [11,12], favours
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the interpretation of the X(3872) as an admixture of a D∗0D0 molecule and charmonium, as opposed to a
pure molecular interpretation.
Figure 1: Invariant mass distribution for B+ → X(3872)K+ candidates for the J/ψ (top left) and ψ(2S)
(top right) channels, restricted to those with J/ψγ or ψ(2S)γinvariant mass within ±3σ from the X(3872)
peak position. Invariant mass distribution for J/ψγ (bottom left) and ψ(2S)γ (bottom right) candidates,
restricted to those with J/ψγK+ or ψ(2S)γK+ invariant mass within ±3σ from the B+ peak position. The
total fit (thick solid blue) together with the signal (thin solid green) and background components (dash-
dotted orange for the combinatorial, dashed magenta for the peaking component and long-dashed blue for
their sum) are shown.
3 Z(4430)−
The Z(4430)− state was observed by the Belle collaboration [13, 14] as a charged resonance structure in
the ψ(2S)pi− invariant mass distribution of the decay B−,0 → ψ(2S)Kpi− (with K = K0s or K+). Such a
resonance, decaying to a heavy quarkonium state and a charged light-quark meson, is particularly interesting
as it is most likely exotic, with minimal quark content ccud. The BaBar collaboration searched for evidence
to support the existence of the Z(4430)− in the J/ψ pi− or ψ(2S)pi− mass distributions of the decays B−,0 →
ψ(2S)Kpi− and B−,0 → J/ψKpi− [15]. They performed a model-independent analysis and found that the
J/ψ pi− and ψ(2S)pi− mass distributions could each be well described by reflections of known K∗ systems with
spin J ≤ 3 without invoking exotic states; however, they could not rule out the Belle results. Belle’s latest
result [16], based on a full amplitude analysis, gives a significance of 5.2 standard deviations for the Z(4430)−
state; they measure the Z(4430)− mass to be MZ− = 4485± 22+28−11 MeV and width ΓZ− = 200+41+26−46−35 MeV,
and favour the JP = 1+ spin-parity assignment by more than 3.4 standard deviations.
The LHCb collaboration investigated resonant structures in B0 → ψ(2S)K+pi− decays, with the ψ(2S)
decaying into two muons, using pp collision data corresponding to an integrated luminosity of 3 fb−1 [17].
Some 25,000 B0 candidates were reconstructed with approximately 4% background in the signal region, as
shown in Fig. 2 (left). This represents a ten-fold increase in signal yield over the previous measurements,
with a background reduced by approximately a factor of two. Figure 2 (right) shows the Dalitz plot for
the background-subtracted data; clear contributions from the K∗(892) and from the K∗2 (1430) are visible as
vertical bands, while the Z(4430)− appears as a horizontal band at m2ψ(2S)pi− ∼ 20 GeV2.
LHCb has performed an analysis based on the model-independent approach developed by BaBar [15]
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Figure 2: Invariant mass distribution (left) and Dalitz plot (right) for B0 → ψ(2S)K+pi− decay candidates.
In the invariant mass distribution the fit (blue line) with a double-sided Crystal Ball signal shape and linear
background (green line) are superimposed to the data points.
to check whether the mψ(2S)pi− spectrum in B
0 → ψ(2S)K+pi− decays can be understood in terms of any
combination of known K∗ resonances. No constraint is imposed on these resonances besides restricting their
maximal spin to two, as the K+pi− invariant mass spectrum is dominated by S, P and D partial waves. The
description of the K+pi− angular structure is performed in terms of Legendre polynomial moments. The
analysis shows that the relatively narrow peaking structure in the mψ(2S)pi− distribution at 4440 MeV cannot
be described in terms of moments of K∗ resonances, as illustrated in Fig. 3. The inclusion of spin-three
contributions does not change this conclusion.
 [GeV]−pi'ψm
3.8 4 4.2 4.4 4.6 4.8Ef
fic
ie
n
cy
 
co
rr
ec
te
d 
yi
el
d 
/ (
 
25
 
M
eV
 
)
0
0.01
0.02
0.03
0.04 LHCb
Figure 3: Background-subtracted and efficiency-corrected mψ(2S)pi− distribution superimposed with the
reflections of Legendre polynomial moments and their correlated statistical uncertainty (yellow band bounded
by blue dashed lines).
A full amplitude fit was performed to be able to extract quantitative information about the Z(4430)−, such
as its mass, width and spin. The amplitude was calculated in a four-dimensional space in the two invariant
masses squared from the Dalitz plot in Fig. 2 (right) and ψ(2S) decay angles, following the formalism and
notations of Ref. [16]. The amplitude is represented by a sum of Breit-Wigner contributions including all
known K+pi− resonances within or slightly above the kinematic limit. The angle-dependent part of the
amplitude is obtained using the helicity formalism. As shown in Fig. 4 (left), the data are not well described
when considering only known K∗ → K+pi− resonances, while a significantly better description is obtained
when including in the fit a Z(4430)− → ψ(2S)pi− with JP = 1+. Other JP hypotheses (0−, 1−, 2+ and 2−)
are ruled out with a significance larger than nine standard deviations, thus confirming previous indications
from Belle. The positive parity assignment rules out the interpretation in terms of rescattering of a pair of
3
mesons D
∗
(2010)D1(2420) in a relative S-wave [18] . The measured mass MZ− = 4475 ± 7+15−25 MeV, width
ΓZ− = 172± 13+37−34 MeV and fraction of the integral of the amplitude squared attributable to the Z(4430)−,
fZ− = (5.9 ± 0.9+1.5−3.3)%, are fully consistent with the recent Belle determination and much improved. The
significance of the Z(4430)− contribution is 13.9 standard deviations.
To address the question whether the Z(4430)− is a real bound state that follows a resonant behaviour
without being “forced so” by the amplitude model, a fit is performed in which the Breit-Wigner amplitude
is replaced by six independent complex amplitudes equally spaced in mψ(2S)pi− bins in the Z(4430)
− peak
region defined as 18.0− 21.5 GeV2. The resulting Argand diagram illustrated in Fig. 4 (right) is consistent
with a rapid phase transition at the peak of the amplitude, just as expected for a resonance, providing a
strong argument in favour of the resonant character of the Z(4430)− state.
It should be noted that in the region of m2ψ(2S)pi− around 16 to 17 GeV
2, the fit does not fully describe
the data. If a second Z− resonance, which peaks at a lower mass than the Z(4430)− and has a broader
width, is allowed in the amplitude, the p-value of the χ2 test improves from 12 to 26%. However, the current
data are not sufficient to fully characterize such a resonance.
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Figure 4: Projection of the data and of the 4D amplitude fit onto the m2ψ(2S)pi− axis (left). Argand diagram
for the fitted binned Z(4430)− amplitude (right); the Breit-Wigner amplitude evolution with the mass and
width from the nominal fit is shown as a red curve.
4 Conclusions
LHCb has used the large data sample available from Run 1 to perform high-precision studies of exotic
charmonium-like states. After having determined the X(3872) quantum numbers, the decay X(3872) →
ψ(2S)γ is established with a significance of 4.4 standard deviations. This result favours the interpretation
of the X(3872) as an admixture of a D∗0D0 molecule and charmonium, as opposed to a pure molecular
interpretation. LHCb also provided confirmation of the Z(4430)− state already observed by Belle and
established its spin-parity to be 1+ with overwhelming significance. The Z(4430)− mass, width and amplitude
fraction are measured to be consistent with the Belle results, with substantially improved uncertainties. The
evolution of the phase of the Z(4430)− amplitude as a function of mψ(2S)pi− in an Argand diagram is
that expected for a resonance, thus providing a strong argument in favour of the resonant character of
the Z(4430)− state. These results as well as many others obtained by LHCb during its first two years of
operation demonstrate its excellent capabilities and prospects for hadronic spectroscopy.
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